Abstract Great strides have been made in the understanding of bound states of a bottom quark b and its antiquarkb since the discovery of the first Υ resonances in 1977. These bottomonium bound states have a rich spectrum whose masses and transition amplitudes shed valuable light on the strong interactions. The present article reviews some recent developments in bottomonium physics. These include the discovery of the spin-singlet states η b (1S, 2S) and h b (1P, 2P), the first D-wave states, one or more candidates for spin-triplet χ bJ (3P) excitations, and above-threshold states with strong transitions to states below threshold. Information on transitions, production, and signatures of new physics is also presented.
INTRODUCTION

Υ(1S, 2S, 3S?) discovery and similarity to charmonium
The first evidence for bottomonium, the bound states of a bottom quark b and the corresponding antiquarkb, was seen in the spectrum of µ + µ − pairs produced in 400 GeV proton-nucleus collisions at Fermilab (1, 2) . Evidence was presented for the Υ(1S) and Υ(2S) at 9.46 and 10.02 GeV/c 2 , with a hint of a higher-mass state now understood to be the Υ(3S) at 10.35 GeV/c 2 .
The spacing between 1S, 2S, and 3S levels of bottomonium resembles that in charmonium, suggesting a simple inter-quark potential V (r) = C log(r/r 0 ) (3, 4) interpolating between the short-distance 1/r and long-distance r behaviors expected in quantum chromodynamics (QCD) (5, 6, 7) . Many successful predictions of bottomonium properties followed from such QCD-inspired potentials. A number of laboratories have played a role in the study of bottomonium. Following the discoveries in 1977 at the Fermilab fixed-target experiment E288 (1,2), the electron-positron colliders DORIS (at DESY in Hamburg) and CESR (at Cornell University) made key measurements of the properties of bb states. For two reviews of the early history of these measurements see Refs. (13) and (14); for a history of CESR and its main particle detector CLEO see (15) . Subsequently major contributions were made by experiments at the asymmetric electron-positron colliders PEP-II (BaBar Detector) and KEK-B (Belle Detector), the CDF and D0 detectors at the Fermilab Tevatron proton-antiproton collider, and the AT-
LAS, CMS, and LHCb detectors at the CERN Large Hadron Collider (LHC).
One review of the second two decades of bottomonium spectroscopy is Ref. (16) .
For a more recent and comprehensive survey of quarkonium results see Ref. (17) .
SPECTROSCOPY
Overview: masses, spins, and parities of known states
In Fig. 1 we display the current state of knowledge about bottomonium states and transitions among them. Such states must decay either via bb annihilation or through transitions to lower bottomonium states, with typical total widths in the tens to hundreds of keV. States above flavor threshold can decay to pairs of flavored mesons and have typical total widths larger by at least two orders of magnitude.
Quark-antiquark composites with total spin S = 0, 1 and orbital angular momentum L have parity and charge-conjugation eigenvalues P = (−1) L+1 and C = (−1) L+S . We use the notation S, P, D, . . . for states with L = 0, 1, 2, . . ., with a superscript prefix denoting the spin multiplicity 2S + 1 and a subscript denoting total angular momentum J. An integer preceding the angular momentum letter denotes the radial quantum number n = 1, 2, . . .. Thus, the full notation for the Υ(1S) is 1 3 S 1 . Υ(nS) states are easily produced in hadronic interactions and through virtual photons in e + e − collisions.
Before reviewing discoveries of the past few years (in roughly chronological order), we discuss briefly the notation in Fig. 1 . The spin-singlet partners ( 1 S 0 ) of the Υ(nS) are called η b (nS). The first of these was discovered only a few years ago (18, 19) and its 2S partner within the past year (20) . Quarkonium 3 P J states are denoted by χ J (nP); those of bottomonium are called χ bJ (nP). The 1P and 2P states were discovered (21, 22) in experiments by the CUSB (Columbia University -Stony Brook) Collaboration at the CESR e + e − collider. They may be produced through electric dipole radiative transitions from excited Υ(nS) states; in turn, they decay via electric dipole transitions to lower Υ(nS) states. They may also be produced directly in hadronic interactions, as evidenced by the recent observation of the χ bJ (3P) states in hadronic collisions at the LHC (23) and the Tevatron (24) and decaying to γ + Υ(1S, 2S).
Quarkonium 1 P 1 states are called h(nP). The charmonium state h c (1P) was the last cc state to be discovered below charmed meson pair threshold (25, 26, 27) .
The corresponding bottomonium state h b (1P) and the excited state h b (2P) were seen relatively recently (28) .
The states in Fig. 1 denoted Υ(n 3 D) are spin-triplets with orbital angular momentum L = 2 and thus have J = 1, 2, 3. Evidence for them will now be discussed.
D-wave states(s): CUSB, CLEO, BaBar
Quarkonium potential models (e.g., (29) ) predict masses of Υ(1D) and Υ(2D)
states within a narrow range around 10. 16 and 10.44 MeV (30) . An early search for transitions Υ(3S)
by the CUSB Collaboration found no evidence for the Υ(1D) states (31) . However, with larger statistics and an excellent CsI electromagnetic calorimeter, the CLEO Collaboration was able to identify events with four photons corresponding to the above cascades (32) .
The dominant contribution to this chain is predicted to come from Υ(1 3 D 2 ) (29, 30) . Under this assumption, the mass of the new state is M [Υ(1 3 D 2 )] = (10.161.1 ± 0.6 ± 1.6) MeV. The mass is consistent with potential model calculations, as is the product branching fraction (assuming J = 2) for the above four transitions followed by Υ(1S) → e + e − or µ + µ − : B = (2.5±0.5±0.5)×10 −5 . More recently, the BaBar Collaboration (33) has measured the mass of the Υ(1 3 D 2 ) state using its decay to π + π − Υ(1S) to be M [Υ(1 3 D 2 ) = (10164.5 ± 0.8 ± 0.5) MeV/c 2 , also finding weak evidence for the J = 1 and J = 3 states. The angular distributions are consistent with expectations for the J = 2 state.
η b (1S) discovery; splitting from Υ(1S)
The ground state of bottomonium, η b (1S), was predicted by a variety of QCDinspired potential models to lie between 35 and 100 MeV below the Υ(1S) (34) .
The large range of predictions arose to a great extent from uncertainties in relativistic corrections and in evaluation of the square of the wave function at the origin, entering into the prediction of the hyperfine splitting.
The (allowed) magnetic dipole (M1) transition Υ(1S) → γη b (1S) leads to a very soft photon which is difficult to distinguish from the many photons due to Υ(1S) → π 0 X → γγX. This led to the attempt to observe the much more
The CLEO Collaboration searched for for this transition in 5.9 million Υ(3S) decays, finding only an upper limit on the rate (35) . With (109±1) million Υ(3S) decays, the BaBar Collaboration observed a state lying 71
MeV below the Υ(1S), while observation of the transition Υ(2S) → γη b (1S) led to a hyperfine splitting of (66.1
The BaBar discovery employed subtraction of substantial backgrounds at lower photon energies. At the Υ(3S), initial state radiation (ISR) to Υ(1S) results in a photon energy of 856 MeV, while radiative transitions to the χ bJ (2P) states followed by χ bJ (2P) → γΥ(1S) lead to a broad cluster of Doppler-broadened lines around 764 MeV. Using this technique the CLEO Collaboration was able to identify the Υ(3S) → γΥ(1S) transition photon (19) , measuring the hyperfine splitting from Υ(1S) to be (68.5 ± 6.6 ± 2.0) MeV. A more recent measurement of M [η b (1S)] by the Belle Collaboration using a different technique (described below) gives a slightly smaller hyperfine splitting of (57.9 ± 1.5 ± 1.8) MeV (20) , in agreement with the most recent calculations based on lattice QCD (36, 37).
Discovery of
The spin-singlet P-wave states of quarkonium are expected to lie very close in mass to the spin-weighted average of the triplet states, as the hyperfine splitting in leading non-relativistic order is proportional to the square of the wave function at the origin, which vanishes for P-wave states. Such was found to be the case for charmonium (25, 26, 27, 38) .
Evidence for the lowest 1 P 1 state of bottomonium, h b (1P), was first noted by
The first significant signal for this state, however, came from an unexpected quarter: hadronic transitions to h b (nP) from the Υ(5S), a bottomonium state lying well above the open flavor threshold.
Two observations prompted the search for h b (nP) in such an unlikely process.
The CLEO Collaboration had observed the production of h c in e + e − → π + π − h c at a center-of-mass energy of 4.16 GeV, lying above charm threshold, at a rate comparable to that for e + e − → π + π − J/ψ (40). This was a surprise as it indicated none of the expected suppression for a c-quark spin-flip process. Meanwhile, the Belle Collaboration had observed anomalously high rates for e + e − → π + π − Υ(nS) at energies above bottom-meson pair production threshold (the dashed horizontal line in Fig. 1 ) (41) . These curious enhancements stimulated a search for e + e − → π + π − h b near the Υ(5S) (M = 10865 MeV/c 2 ) resonance (28).
The search succeeded beyond expectations. Not only was the h b (1P) seen, very close to the expected spin-weighted average M [χ bJ (1P)], but the h b (2P) was observed with even greater significance, near M [χ bJ (2P)] (see Fig. 1 ). Belle observed these states in the recoil mass spectrum against π + π − . In Fig. 2 are shown the Belle observations of dipion transitions from Υ(5S) to all three Additional evidence for the η b (2S) was obtained in a study (42) Other models predict values within ten or twenty MeV/c 2 of these [see, e.g., (43, 44) ].
The χ bJ (3P) states can be produced in hadronic interactions, for example through two-gluon fusion (see Sec. 4.3), and then can be observed through their electric dipole transitions to lower Υ(nS) states. In this manner the ATLAS Collaboration (23) reported observing not only the previously known decays
Using converted photons (with superior energy resolution), the ATLAS Collaboration measures the weighted average of the masses contributing to these last two transitions to bem 3 = 10530 ± 5 ± 9 MeV. It is most likely that this receives little contribution from the χ b0 (3P), whose partial width to hadronic states is expected to be considerably larger than that of the other two states (29) , so it is probably to be compared with some weighted combination of the predicted masses of χ b1 (3P) and χ b2 (3P).
The D0 Collaboration also has observed a similar structure, using converted photons (24) . Calibrating their energy using the known transitions involving the χ bJ (1P, 2P) states, they findm 3 = 10551 ± 14 ± 17 MeV/c 2 .
Above-threshold (molecular?) states
For years, a puzzle in the quark model was why all the observed hadrons appeared to be composed either of quark-antiquark (mesons) or three quarks (baryons).
These configurations can exist in color singlets, but they are not the only ones.
What about tetraquarks (), pentaquarks () or more complicated objects? After all, nuclei do exist, though principally they are thought of as clusters of baryons.
Since the earliest days of hadron spectroscopy, it was recognized that properties of levels can be strongly influenced by nearby channels. An early example was the resonance Λ(1405), decaying to Σπ but strongly influenced by theKN threshold lying just above it (45) . Another example is the f 0 (980), decaying to ππ but behaving remarkably like a KK bound state or "molecule" (46) . The description of such states requires one to go beyond a simpleorpicture. The displacement of the peak measured in Υ(nS)π + π − by Belle and the lower BaBar peak measured in bb decays has led to the suggestion that these peaks may not, in fact, be the Υ(5S) but rather some exotic state (57).
Special aspects of Υ(5S)
Both BB * and B * B * can interact by exchanging pions, while in order to do so As the Z b states have isospin I = 1, they must be produced in e + e − collisions in association with a pion. The first Υ resonance which permits this is the Υ(5S), at 10865 MeV. This could explain why the beautiful proliferation of states in Υ(5S) decays is not seen at lower energies.
Theoretical successes and shortcomings
Potential models based on short-distance gluon exchange and a linear bb confining potential at large distances have reproduced reasonably well the spin-triplet nS, nP , and 1D bottomonium spectra below flavor threshold. Pioneering work in this area (5, 6, 7) has been extended to include the effects of relativistic corrections (see, e.g., (58) ) and the effects of coupling to open channels (see, e.g., many references in (17)). Potential model predictions for the masses of the 1D and 3P levels had a narrow range of ten or twenty MeV and were verified within that range. For the lowest-lying levels, lattice gauge theories (extended to include the effects of light-quark pairs) have also provided an effective description (see, e.g., (59)).
One prediction of spin-dependent effects, shared in many approaches, also had great success. This is the small value of the hyperfine splitting in 1P and 2P bb Indeed, successful predictions result from regarding these as molecular bottomonium states (52) . The discovery of these unique resonances is simply the most recent in a series of observations that underscores the importance of nearby thresh-olds in spectroscopy (6, 7, 57, 60, 61, 62) .
TRANSITIONS
Decays of Υ(1S) to light-quark states
The Υ(1S) is expected to decay mainly [(81.7 ± 0.7)%] via three gluons, with (2.2 ± 0.6)% to two gluons and a photon (63) . The two-and three-gluon channels provide an entry to many potential final states, including states made of pure glue The branching fractions for these decays ranged from 0.5 × 10 −6 to 110 × 10 −5 .
Together with multi-particle decays of χ bJ (1P, 2P) to be mentioned below, such results pave the way for a more complete understanding of how multi-gluon final states fragment into hadrons.
Decays of Υ(1S) to charm, charmonium
The mechanism of hadronic quarkonium production still remains obscure nearly four decades after the discovery of the J in proton-beryllium collisions. The inclusive decays of bottomonium states to charmonium can help to illuminate this mechanism by providing a clean gluonic initial state.
The CLEO Collaboration studied the processes Υ(1S) → J/ψX, ψ(2S)X, χ b1 (1P)X, χ b2 (1P)X using 21 million Υ(1S) decays (66) . These measurements can test the color octet model (67) , in which a substantial fraction of hadronic quarkonium production proceeds through a color-octet component of the quarkonium wave function. What is found is that the ratios of the excited charmonium states mentioned above to J/ψX production are about a factor of two larger than predicted by the color-octet model (68) . The BaBar Collaboration studied the Υ(1S) → D * ± (2010)X decays (69) as a function of the scaled D * ± momentum, finding the color-octet contribution to be disfavored (70).
Multi-particle decays of χ bJ (1P, 2P)
The decays of heavy quarkonia into states of light-quark hadrons can tell us how initial parton states consisting of gluons and quarks turn into observable particles. Many Monte Carlo programs make assumptions about this process which have not been fully tested against data. The CLEO Collaboration studied the decays of the χ bJ (1P) and χ bJ (2P) states into 659 different states of pions, kaons, ηs, and baryons (71), identifying 14 modes with significant signals. The greatest significance was found for signals from the J = 1 states. The selection criteria were limited to those final states containing 12 or fewer particles, where a π 0 → γγ or a K S → π + π − counts for two. Even with this high multiplicity it appeared that significant higher multiplicities were being missed.
Electric dipole transitions S ↔ P ↔ D
The transitions Υ(nS) ↔ χ b (mP) ↔ Υ(kD) can occur via single electric dipole photon emission or absorption. They occur with observable branching fractions for the narrow bottomonium states below flavor threshold. For spin-triplet states, [n−1]P , the corresponding dipole matrix elements are also appreciable. These are the transitions that would be allowed in the three-dimensional harmonic oscillator. On the other hand, the transitions Υ(3S) → γχ bJ (1P) are highly suppressed; in a three-d harmonic oscillator they would be forbidden. This suppression holds for a wide range of power-law potentials (72) . As a result, dipole matrix elements for these transitions are particularly sensitive to relativistic corrections, providing a way of discriminating among various approaches.
Forbidden M1: Υ(2S, 3S) → γη b (1S)
The nonrelativistic approximation for magnetic dipole transition rates in QQ bound states (34) is
where α is the fine-structure constant, e Q is the quark charge in units of |e|, m Q is the quark mass, and k is the magnitude of the photon three-momentum in the rest frame of the decaying particle. The overlap integral I is defined by (19) . These measurements are compared in Table 2 .
The masses measured in these transitions are to be compared with that mea- The CLEO Collaboration studied the decay dynamics of (Υ(3S, 2S)) → ππ(Υ(2S, 1S)) using a sample of 4.98 × 10 6 Υ(3S) (79) . The size of this data sample enabled at last a detailed study of the decay dynamics, which was done according to the formalism of Brown and Cahn (88) and the multipole expansion model cited previously. In addition, the branching fractions for all Υ(nS) → ππΥ(mS) have been updated, first by CLEO (80) , and more recently by BaBar (81, 82) . Two of these branching fractions, B(Υ(2S, 3S)) → ππΥ(1S), are now known to a relative uncertainty of less than 1.5% (63) and therefore can be more profitably used as tagging modes for searches for unusual decays of Υ(1S) (see Section 5).
χ bJ (2P) → ωΥ(1S)
As noted previously, the observation by the CLEO Collaboration of χ bJ (2P) → ωΥ(1S)(J = 1, 2) (78) represented the first observation of any non-ππ hadronic transition between bottomonium states, and also the first observation of χ bJ (2P) in something other than an E1 radiative transition.
The analysis involved a full reconstruction of the decay chain Υ(3S) → γχ bJ (2P); and π 0 π 0 analyses were combined, and branching fractions of (6.0 ± 1.6 ± 1.4)% and (8.6 ± 2.3 ± 2.1)%, for J = 2 and J = 1, respectively (63) .
A study by BaBar published in 2011 (81), using a much larger sample of Υ(3S)
decays, obtained precise measurements of the branching fractions: B(χ b1 (2P) → π + π − χ b1 (1P)) = (9.2 ± 0.6 ± 0.9)% and B(χ b2 (2P) → π + π − χ b2 (1P)) = (4.9 ± 0.4 ± 0.6)%. The transition Υ(2S) → ηΥ(1S) was first observed by the CLEO Collaboration in about 9 million Υ(2S) (84) . The rate was about a factor of (four,three) below the (scaling,potential) prediction. In just under 100 million Υ(2S) decays, the BaBar Collaboration essentially confirmed this result (82) . More recently, the Belle Collaboration, in 158 million Υ(2S), obtained a rate about 50% higher than CLEO's or BaBar's (85). These results are summarized in Table 3 
Υ(2S) → ηΥ(1S) and search for related transitions
PRODUCTION
The production of heavy quarkonia in hard-scattering processes involves different momentum scales in both perturbative and nonperturbative regimes of QCD.
A detailed understanding of this process is therefore an important test of our understanding of QCD.
A number of different approaches have been proposed to factorize the highmomentum (short-distance) scale process leading to a QQ pair (predominantly by gluon-gluon fusion diagrams) and the low-momentum (long-distance) scale of the process that binds the QQ into color singlet quarkonia of the given quantum numbers: the color singlet model (CSM) (94, 95, 96) , NRQCD factorization (97), fragmentation function factorization (98) , and k T factorization (99, 100).
The mutual relations and differences among these approaches are discussed in detail in (17) . One of the open issues regards the contribution of QQ pairs that are in color singlet (CS) as compared to those in which the QQ pairs are in a color octet (CO). In the QCD-based CSM only the former is considered, while in the NRQCD, k t and fragmentation approaches both singlet and octet contributions exist.
The parameters relevant for the calculation of the color singlet contribution can be extracted from measurements of quarkonium decays using potential models or lattice calculations, so the inclusive differential cross section has no additional free parameters. It is not possible at present to relate the parameters of the color-octet contribution to quantities measured in quarkonium decays, and they are usually determined from fits to differential cross sections.
Bottomonium is heavier and less relativistic than charmonium, so the agreement between theory and experiment is expected to be better for bottomonia.
However the cross sections for bottomonia are much smaller, and until the advent of the LHC, most of the measurements of heavy quarkonium hadroproduction involved J/ψ and ψ(2S). Also, experimentally it is more difficult to determine the Υ(nS) that are directly produced subtracting the contribution originating from the decays of higher resonances, since the spectrum below the open-flavor threshold is much richer compared to that of charmonium.
Differential cross sections for Υ(nS) vs. theory
One of the key features of the differential cross section for direct Υ(nS) production is its p t dependence. At leading order the color singlet contribution has a p The CMS experiment has measured the differential cross sections as a function of p t for p t < 30 GeV/c 2 in the rapidity range |y| < 2 (103). They find that the p t dependence of the three cross sections is in excellent agreement with the Tevatron measurements despite the substantial differences in collision energy and
The LHCb experiment, whose detectors cover the forward rapidity region, has presented measurements of the double differential cross section as a function of p t and y for p t < 15 GeV/c 2 and 2.0 < y < 4.5 (104) .
Finally, the ATLAS experiment has recently extended the measurement of these cross sections up to p t < 70 GeV/c 2 in the rapidity range |y| < 2.25 based on an integrated luminosity of 1. 
Polarization of Υ(nS)
The angular distribution of the two leptons from the decay of a vector state can be written as a function of the angles of the outgoing leptons with respect to a given frame where the polar angle θ is along the quantization axis, W (θ, φ) ∝
(1 + λ θ cos θ + λ φ sin 2 θ cos 2φ + λ θφ sin 2θ cos φ) and the parameter λ θ is 0 or 1 for 100% longitudinal or transverse polarization.
The reference frames adopted in the literature are more than one: the most used are the Collins-Soper frame, where the quantization axis is chosen as the bisector of the beam directions in the Υ frame, and the helicity frame, where the quantization axis is chosen along the Υ direction in the collision center of mass frame. It must be noted that the two definitions are not equivalent (106) . It is also possible to express the polarization in terms of frame-independent quantities (107).
The Υ(nS) from color singlet are expected to be produced with longitudinal polarization (108), while NRQCD, where color octet contributions are significant, predicts a strong transverse polarization for quarkonia produced at high p t (109).
The CDF (101, 110) and D0 experiments (102) 
How much hadronic production proceeds via P-wave states?
The comparison between measurement and theoretical prediction for the total and accounting also for the feed-down from Υ(2S) and Υ(3S), is 50.9 ± 8.2 ± 9.0%.
A new measurement has recently been presented by LHCb (113) in pp collisions at √ s = 7 TeV: for 6 < p t < 15 GeV/c 2 the fraction of Υ(1S) originating from χ bJ (1P) is on average 20.7 ± 5.7 ± 2.1 +2.7 −5.4 %. They do not observe a dependence of this fraction on p T in the range studied. however, also may be used to search for hints of new physics. We describe in this section some recent new-physics searches in studies of bottomonium decays. Recent searches at Belle, CLEO and and BaBar for Υ(nS) to invisible final states have all used a tagging method in which data from collisions at higher Υ(nS) states are used, and a charged dipion transition to Υ(1S) is observed. In general, the study of these invisible Υ(nS) decays depends on the ability of the detector in question to trigger on very low-multiplicity events, and the suppression of "normal" Υ(1S) decays to final states which should in principle be detectable.
NEW PHYSICS ASPECTS
Decays of Υ(1S)
The first of these searches was published by the Belle Collaboration using confidence (118) . Despite the improvement, this limit is still somewhat more than an order of magnitude above the SM prediction.
Search for Υ(1S) → γ + invisible
In addition to the searches for purely invisible final states arising from Υ(1S) decay, the BaBar Collaboration published a study of Υ(1S) decays to a single photon plus a particle which decays to a two-body invisible final state, Υ(1S) → γA 0 ; A 0 → χχ (119). The Υ(1S) in this study are tagged in a similar manner to those discussed above, although in this case the analysis used a sample of 98.3 × 10 6 events. The final state is then tagged by the observation of a single photon.
The search obtained no significant yield of events above the expected background, yielding 90% confidence upper limits on the product branching fraction for scalar
2 GeV/c 2 .
Decays Υ(nS) → τ + τ − and tests of lepton universality
The Υ(nS) states can decay by bb annihilation to a virtual photon which then will materialize to anything kinematically permitted, e.g., the lepton pairs e + e − , GeV/c 2 , the dominant leptonic decay mode of A 0 is expected to be τ + τ − , and
CLEO measured the ratios R nS τ τ ≡ B(Υ(nS) → τ τ )/B(Υ(nS) → µµ) for the n = 1, 2, 3 states with the results shown in Table 5 (122) . No deviation was seen from lepton universality at the few percent level.
The BaBar Collaboration has searched for violations of lepton universality in Υ(1S) decay using their data sample of 121×10 6 Υ(3S) decays (121) . The analysis determines the ratio of branching fractions,
in the Υ(1S) sample provided by Υ(3S) → π + π − Υ(1S) decays. One may "tag" the presence of the Υ(1S) in these transitions without reconstructing by using four-momentum conservation. That is, if the π + π − are recoiling against a daughter Υ(1S), the recoil
By selecting M rec near M (Υ(1S)), the other final-state particles, which must originate from the decay of Υ(1S), may then be studied.
In this analysis, a final state containing exactly four charged tracks was required: Υ(1S) → µ + µ − was identified by requiring positive muon identifica-tion for the tracks and a total reconstructed energy consistent with the initial state; the decay Υ(1S) → τ + τ − was identified using only single-prong decays of τ . From the yields, trigger, analysis and reconstruction efficiencies, the ra- 
Searches for low-mass Higgs in Υ(nS) decays
Frank Wilczek wrote one of the first papers concerning the appearance of new physics in heavy quarkonium decays (125) soon after the the announcement of the first observations of bottomonium at Fermilab, in which he calculated the ratio of the rate of the decay of heavy vectors V to Higgs + γ to the rate to
Under several extensions of the standard model, including the next-to-minimal supersymmetric standard model (NMSSM) (126, 127, 128, 129) 
CONCLUSIONS
Since the discovery of the first bottomonium state in 1977, our understanding of the bb system has made steady progress. Comparison of the bottomonium and charmonium spectra provided strong evidence for the flavor-independence of the strong force. The bottomonium spectrum was surprisingly well described by non-relativistic quantum mechanics, with relativistic embellishments accounting reasonably well (though not perfectly) for fine and hyperfine structure. Information on quarkonium production has helped to understand the subtleties and limitations of perturbative and nonperturbative QCD. A key issue, still unresolved, is the role of color-octet pairs in the QQ wavefunction. Descriptions of production cross sections seem to be only marginally improved with their inclusion, and the jury is still out regarding their role in hadronic quarkonium decay.
Details still under study include the dependence of production cross sections on transverse momentum p T and rapidity y, the polarization of hadronically pro-duced Υ states (found to be small), and the role of feed-down from hadronically produced χ b states, accounting for several tens of percent of the hadronically produced Υ levels.
The study of bottomonium production in inclusive hadronic interaction is about to enter an era of precision measurements: The LHC experiments will have the opportunity to measure the direct cross sections and polarization, disentangling the contribution of higher resonances. were set on the product branching fractions B(Υ(1S) → γA 0 ) × B(A 0 → µ + µ − ).
Somewhat higher limits for decays to τ + τ − were obtained (a few times 10 −5 ).
Leptonic decays of Υ(nS) also prove to be a testing ground for new physics.
CLEO and BaBar have done extensive studies of their large Υ(nS) data sets for violations of lepton universality or of lepton number, both of which would require new physics to explain.
We look forward to many further insights on QCD and on new physics signa-tures from the study of the rich bottomonium system, from experiments already completed (BaBar, Belle, CDF, D0) and from those in progress or planned (LHCb, ATLAS, CMS, Belle II, . . .). Bottomonium has truly been an ideal laboratory in which to study known interactions and search for new ones. 
Υ(2S) 1.04 ± 0.04 ± 0.05 2.11 ± 0.07 ± 0.13 (122) Υ(3S) 1.08 ± 0.08 ± 0.05 2.52 ± 0.19 ± 0.15 (121) 
